Background: Inhaled corticosteroids reduce inflammation in asthma but chronic use may cause adverse effects. AZD7594, an inhaled non-steroidal selective glucocorticoid receptor modulator, has the potential of an improved risk-benefit profile. We investigated the safety and efficacy of AZD7594 in asthma. Methods: This phase 2a multi-center, randomized, double-blind, placebo-controlled crossover study enrolled adults with asthma aged 18 to 75 years. Patients were treated with budesonide 200 μg twice daily for 2-3 3 weeks (run in part one). If controlled, as demonstrated by an asthma control questionnaire-5 score of < 1.5, patients entered a three-week run-in (part two) where they received a short acting bronchodilator alone. Thereafter, patients with a fractional exhaled nitric oxide (F E NO) ≥25 ppb and pre-dose FEV 1 40 to 90% predicted were randomized to one of nine treatment sequences. Each patient received placebo and two of three dose levels of AZD7594 (58, 250, 800 μg) once daily via inhalation, in 14-day treatment periods, separated by three-week washout periods. The primary endpoint was the change from baseline in morning trough FEV 1 versus placebo on day 15. Secondary endpoints included measures of airway inflammation and asthma control. Results: Fifty-four patients were randomized and received at least 1 dose of treatment, 48 patients completed the study. Overall 52 patients received placebo, 34 received AZD7594 58 μg, 34 received AZD7594 250 μg, and 34 received AZD7594 800 μg. AZD7594 800 μg demonstrated a significant improvement in Day 15 morning trough FEV 1 versus placebo (LS means difference 0.148 L 95% CI 0.035-0.261, p = 0.011), with a dose-dependent response seen in the 250 μg (0.076 L -0·036-0·188, p = 0.183) and 58 μg (0·027 L -0·086-0·140, p = 0.683). All secondary endpoints showed statistically significant improvement at the 800 μg dose. All doses demonstrated a significant reduction in F E NO at day 15 p < 0.01. No statistically significant difference in plasma cortisol level was observed between AZD7594 and placebo at any dose. AZD7594 was considered safe and well tolerated. Conclusions: Two-week treatment with AZD7594 demonstrated a favorable risk-benefit profile in patients with mild to moderate asthma. Further clinical studies are needed to fully characterize AZD7594.
Background
Asthma is characterized by chronic inflammation and glucocorticoid receptor (GR) agonists as inhaled corticosteroids (ICS) are the preferred anti-inflammatory treatment at all asthma severity levels [1] . ICS alone and in combination with long acting beta adrenergic agonists (LABAs) have demonstrated improvement in symptoms and lung function, reduction in exacerbations, improved asthma control and quality of life [2] [3] [4] . As ICS are administered topically and have low systemic absorption, the major limitation for ICS therapy is the risk of local adverse effects including candidiasis and dysphonia which are inconvenient for the patient, but typically not serious in nature. ICS therapy has the potential to cause systemic adverse effects mediated by the hypothalamic-pituitary-adrenal (HPA) axis, such as a reduction of growth velocity in children [5, 6] and effects on bone mineral density [7] although this effect is less clear [8] . Systemic effects are less common and usually associated with chronic use of high doses [9, 10] .
Several development programs have aimed to improve selectivity for the glucocorticoid receptor to preserve efficacy while reducing adverse effects. Four compounds prior to AZD7594 have advanced to clinical trials in asthma [11] , but none have advanced beyond phase 2 trials.
AZD7594 is a novel nonsteroidal, potent and selective glucocorticoid receptor modulator (SGRM) being developed as a once daily inhaled treatment for asthma. Pre-clinical data using the Rat Sephadex®-induced lung edema model of pulmonary inflammation supports an improved therapeutic ratio when delivered by inhalation [12] . In this phase 2a randomized study, the first to evaluate clinical efficacy, we aimed to assess the efficacy, safety, and pharmacokinetics (PK) of AZD7594 given once daily by inhalation in adults with asthma uncontrolled on short acting beta agonists (SABAs) alone. We investigated the effect of AZD7594 on morning trough FEV 1 , airway inflammation, and measures of asthma control. Some results of this study were presented at the European Respiratory Society meeting in 2017, [13, 14] this paper provides the complete results from the study.
Methods

Study design
This phase 2 randomized, double-blind, multi-dose, placebo controlled, three-period, incomplete block crossover study was conducted in nine centers in Germany and one center in Bulgaria between June 25, 2015 and February 8, 2016 (Fig. 1) .
Patients
Eligible patients were men and women of non-child bearing potential 18 to 75 years of age with mild to moderate asthma. Patients must have had a documented clinical diagnosis of asthma at least 6 months prior to enrollment and were either steroid naïve or treated with monteleukast, ICS or low dose ICS / LABA. Current or recent smokers (who quit within the last 6 months) and patients with ≥10 years total smoking history were excluded. Patients were required to have a fraction of exhaled nitric oxide (F E NO) level ≥ 25 parts per billion (ppb) before randomization, demonstrating evidence of airway inflammation. Full inclusion and exclusion criteria are provided in the Additional file 1: appendix.
Randomization and masking
Eligible patients were randomized via an interactive voice response system prior to the first dose in treatment period one, to one of nine treatment sequences according to the randomization schedule produced by independent PAR-EXEL Informatics. Each treatment sequence included two out of three possible treatments: AZD7594 58 μg, AZD7594 250 μg, AZD7594 800 μg, and each patient received placebo during one of the three periods in a balanced crossover design. The study was performed in a double-blind manner. Placebo was supplied as identical dry powder vehicle to AZD7594 in identical packaging, and budesonide (used during run-in) and salbutamol (rescue medication) were open label.
Treatment
During a two to 3 week run-in (part one) patients received low dose budesonide (200 μg twice daily). Patients whose asthma was controlled (as demonstrated by an Asthma Control Questionnaire-5 [ACQ-5] score ≤ 1.5), were eligible for a second run-in (part two) during which budesonide was stopped and washed out over 3 weeks while patients received only the SABA, salbutamol, as needed. At the end of the second run-in, patients with pre-bronchodilator forced expiratory volume in 1 second (FEV 1 ) between 40 to 90% and with a F E NO of ≥25 ppb were randomized and entered the double-blind treatment period. Patients who were poorly controlled as evidenced by rescue medication use of ≥12 puffs on three or more days or an ACQ-5 ≥ 3 during the enrollment period were excluded. Randomized patients received study medication once daily by inhalation via a monodose dry powder inhaler (DPI) for a 2 week treatment period. Each treatment period was separated by a three-week washout, where the only asthma treatment that patients received was as needed salbutamol. A stability criterion was applied at baseline of treatment periods 2 and 3 to ensure that there was no detectable carry-over effect or any acute worsening compared to baseline at the start of those periods. Patients were evaluated to confirm that the pre-dose FEV 1 was ±20% of the pre-dose baseline value for treatment period 1.
Endpoints
The primary efficacy endpoint was change from baseline in morning trough FEV 1 on Day 15 versus placebo for each of the three AZD7594 dose levels. Baseline was defined as the average of the measurements obtained at 60 and 30 min before dosing on day 1 in each treatment period, and trough as the average of the 2 spirometric measurements at 23:00 and 23:30 h after the last dose of study medication on Day 14. Spirometry was assessed centrally. Secondary efficacy endpoints included change from baseline in: F E NO on Day 8 and Day 15, morning trough FEV 1 on Day 8, and in morning and evening peak expiratory flow (mPEF, ePEF) over the treatment period. Patient reported outcomes for asthma control were assessed with the five item asthma control questionnaire (ACQ-5) recorded at each study visit. Asthma symptoms, night-time awakenings, rescue medication use and lung function as measured by morning and evening peak flow were recorded daily in the eDiary. Asthma symptoms were captured twice daily using a four point scale where patients recorded 0 for no symptoms and 3 if their asthma prevented them from doing normal daily activities or sleeping. The eDiary data was used to calculate the number of symptom free days, defined as those days on which no asthma symptoms or night-time awakenings occurred and the number of asthma control days which included the same criteria as symptom free days and no rescue medication use. The pharmacokinetic (PK) profile was also assessed as a secondary endpoint, with rich sampling in a subset of patients, blood samples were collected on Day 1 and Day 14 of each treatment period. PK parameters, C max and AUC 0-24 were derived using non-compartmental methods with Phoenix® WinNonlin® (Pharsight Corp., Mountain View, California, USA). In addition, the dose proportionality was assessed by dose normalized C max and AUC 0-24 across three dose levels. A 24 h plasma cortisol profile was performed on Day − 1 and Day 14, in the PK subset, for each study period to obtain AUEC 0-24 pre-treatment and post-treatment respectively, to evaluate cortisol suppression.
Statistical analysis
Thirty-six patients were needed to achieve approximately 88% power to detect 200 mL change from baseline in trough FEV 1 compared to placebo using a two-sided test at 5% significance level, assuming an intra-patient standard deviation (SD) of 210 mL. Assuming a dropout rate of 25%, 48 patients randomized to nine sequences were needed to ensure 36 evaluable patients completing the study.
The analysis of the efficacy endpoints was based on the full analysis set (FAS), defined as all randomized patients following the principle of intention to treat (ITT) that includes all randomized patients who received at least one dose of randomized study drug. Patients were included in the analysis according to the treatment to which they were randomized. All safety analyses were based on the safety analysis set (SAF) defined as all randomized patients who received at least one dose of randomized study drug during the Treatment Period. Classified by actual treatment received.
The efficacy endpoints were analyzed using a linear model with treatment, period, and sequence as fixed effects, baseline as continuous covariate, and patient within sequence as random effect. No multiplicity adjustment for the analysis of the secondary variables was performed. In addition, dose-response for trough FEV 1 day 15 was analyzed posthoc using nonlinear mixed-effects modeling. In this analysis an empirical Emax model was estimated to the change from baseline trough FEV 1 data, applying different baseline definitions (see Additional file 1). This study is registered with ClinicalTrials.gov , number NCT02479412.
Results
One hundred ten patients were enrolled and screened, 54 of whom were randomized. Thirty-four patients received AZD7594 58 μg, 34 received AZD7594 250 μg, 34 AZD7594 800 μg and 52 patients received placebo. Baseline demographics characteristics of participants were similar across treatment groups. (Table 1) . Trough PK was collected in all study participants, 15 were included in an intensive PK sampling subset. Forty-eight patients (89%) completed the study, four withdrew due to development of pre-specified study withdrawal criteria. and One patient was withdrawn due to randomization into the wrong PK group and one for an adverse event (vitamin B12 deficiency and elevated liver enzymes). Three patients had major protocol deviations and were excluded from the per protocol set (failed inclusion criteria, use of prohibited concomitant medication, and withdrawn without primary endpoint). Patients recorded daily in the eDiary if they took their study medication. Drug accountability records were kept by the investigator and remaining supplies, including spent capsules were sent to the sponsor. Across all treatment groups, mean compliance was > 96%.
Efficacy
Lung function improved at all doses (Fig. 2) . The greatest improvement in the primary endpoint, the change from baseline in morning trough FEV 1 on Day 15 versus placebo, occurred with the 800 μg dose (LS Means difference 0.148 L 95% CI 0.0349 to 0.261 p = 0.011) ( Table 2) .
The 800 μg dose also showed the greatest improvement in change from baseline in morning trough FEV 1 versus placebo on Day 8 (LSMeans difference 0.156 L 95% CI 0.039 to 0.273 p < 0.01). The change from (Fig. 3) , with the 250 μg and 800 μg doses significant versus placebo at Day 8 p < 0.05 and a significant treatment difference across all doses at Day 15 p < 0.01 (Table 2) . Over the course of the treatment period, evening PEF improved relative to placebo at all dose levels (p < 0.01) while morning peak flow was significantly improved only with the AZD7594 800 μg dose level (Fig. 4 , Table 2 ). The greatest reduction in average (Day 1 to Day 14) daily use of rescue medication from baseline occurred at the 800 μg dose (LS Means difference − 0.80 p < 0.0001) and the 250 μg dose also demonstrated a significant reduction (− 0.49 p = 0.012). Asthma control improved, as evidenced by significant improvement in mean ACQ-5 score versus placebo at Day 15 in both the 58 μg and 800 μg doses, (Fig. 5 ). Both symptom free days and asthma control days as well as reduction in nighttime awakenings were significant versus placebo with AZD7594 800 μg ( Table 2 ).
In the posthoc analysis, the dose-response in change from baseline trough Figure S1 . The predicted effects are numerically larger, compared to the primary analysis.
Pharmacokinetics
Following inhalation administration, AZD7594 was rapidly absorbed and reached maximum plasma concentration within 15 min; this was followed by a rapid decline in plasma concentration over 2 h, and then a slow elimination phase. The observed AZD7594 concentration-over-time profiles for all three dose levels are shown in Fig. 6 . The increases in AZD7594 mean systemic exposures [C max and AUC 0-24 values] were less than dose proportional as indicated by the dose-normalized values (C max /D, C max,ss /D and AUC (0-24)/ D). There was moderate to high between-subject variability in AZD7594 PK parameters (Table 3 ). The geometric coefficient of variation (CV%) ranged from 19.70 to 43.21% in C max (Days 1 and 14), and from 17.91 to 52.48% in AUC 0-24 .
Safety and tolerability
AZD7594 was well tolerated. Adverse events (AEs) were reported by 17 (32%) of patients in the placebo group, 13 (38%) of patients in the AZD7594 58 μg group, 9 (26%) in the 250 μg group and 12 (35%) in the 800 μg group (Table 4 ). There were no severe adverse events (SAEs) or deaths during the study. One patient was discontinued due to an AE of pernicious anemia (vitamin B12 deficiency anemia) and increased hepatic enzymes noted on the blood safety samples drawn at the end of the first washout period after receiving placebo in period (Table 5) .
Discussion
This phase 2a study was the first to evaluate clinical efficacy of AZD7594 administered once daily via inhalation for 2 weeks in patients with mild to moderate asthma. AZD7594 reduced lung inflammation and improved Treatment with AZD7594 was associated with a significantly lower inflammatory burden as measured by F E NO compared to placebo. F E NO levels dropped in a dose-ordered manner at Day 8 and after 2 weeks of treatment all AZD7594 doses achieved a significant difference versus placebo p < 0.01. A clinically meaningful Error bars represent standard deviation. n: number of subjects mean reduction of > 20% [15] was observed for all dose levels, with the greatest F E NO reduction (35%) occurring at the 800 μg dose. As an effective biomarker of eosinophilic airway inflammation with a greater predictive value than spirometry and PEF in assessing ICS responsiveness in asthma, the clinical improvement observed, provides confidence in the anti-inflammatory properties of AZD7594 across a dose range [15, 16] . Though this study measured many common asthma endpoints as well as F E NO as marker of inflammation, other endpoints of interest for future studies include markers of inflammation in sputum, as well as direct measurement of bronchial hyperresponsiveness.
The objective of the study was to assess efficacy and tolerability across a wide dose range. Although the two lower doses did not significantly improve trough FEV 1 , there was a numerical improvement at all dose levels. A posthoc analysis conducted to gain a better understanding of dose-response showed a dose-dependent increase in trough FEV 1 , although the uncertainty in dose-response is large as can be expected for a GR agonist [17, 18] . Lung function improved significantly at all doses as assessed by ePEF and at the 800 μg dose for mPEF. Peak flow has the advantage over spirometry of being assessed daily. In this study, improvements in peak flow measurements were accompanied by a reduction in symptoms and nighttime awakenings and an increase in symptom free days, all important indicators of asthma control. The correlation of peak flow and asthma control has been previously reported [19] .
In this study, ACQ-5 scores improved significantly with both the low (58 μg) and high (800 μg) dose of AZD7594. Although improvement was shown, a conclusion regarding the clinically meaningful effect with this relatively small sample over a 2 week treatment cannot be drawn.
The current crossover study in a small number of subjects, was designed to assess the potential of AZD7594 as an anti-inflammatory treatment rather than fully characterize the clinical profile. A two part run in ensured appropriate patient selection for treatment with a GR agonist alone. By including patients who had an ACQ-5 of ≤1.5 on low dose ICS as assessed during run in part one, we aimed to include patients at GINA step 2,3 [1] . Inclusion of patients who had a minimum F E NO of 25 ppb at the end of run-in part two enabled the enrollment of patients who demonstrated airway inflammation and were more likely to respond to a GR agonist; American Thoracic Society (ATS) guidelines suggest patients with F E NO levels lower than 25 ppb are unlikely to respond to GR agonist therapy [15] . The selection of a responder patient population provided more confidence in evaluating anti-inflammatory effect in a small number of subjects. The 14-day treatment period allows adequate time to achieve clinical response. Previous studies demonstrate within 2 weeks near maximal improvement in lung function, as measured by FEV 1, [2, 20, 21] and reduction of F E NO, a measure of airway inflammation. [15, 22, 23] . Lung function may have continued to improve with a longer treatment period. Personal best peak flow is typically reached within 1 to 3 weeks of initiating GR agonist therapy, but daily average peak flow may continue to improve for 3 months or more [24] . In future studies, a longer treatment period will be preferred to assess asthma control. The three-week washout was supported by the pharmacokinetic profile of AZD7594 [25] , and glucocorticoid receptor agonist studies which demonstrate both FEV 1 and F E NO return to baseline levels within 14 to 21 days [20] [21] [22] . To limit the potential of any detectable carry-over effect, a baseline stability criterion was included for each period. The results should be interpreted with care since no correction for multiple testing was done for the secondary variables. For many of the secondary endpoints, the 250 μg dose resulted in a lower response than the lowest dose. This is likely a result of variability and a small sample size, and dose-response modeling provides further support to select doses to investigate in the future studies.
Overall, in this study, AZD7594 was safe and well tolerated. The incidence of AEs was similar across treatment groups, the most common AE was nasopharyngitis. While cortisol suppression has been seen at higher doses of AZD7594 [26] , only limited cortisol suppression was observed at the highest dose in this study, no significant difference versus placebo was observed. The absence of candidiasis and dysphonia in all patients is encouraging but a longer treatment period is needed to more fully assess the adverse effect profile.
Although the current study met its objective of assessing short term efficacy and safety of AZD7594, a parallel design study over a longer treatment period in broader patient population is needed to adequately assess the minimally efficacious and optimal doses. A novel once daily inhaled non-steroidal glucocorticoid modulator with an improved therapeutic risk-benefit profile would be a welcome addition to current asthma therapies, further clinical studies, including comparison to an active ICS comparator, are needed to fully characterize AZD7594.
Conclusions
In this phase 2a study, the first to evaluate clinical efficacy in patients with mild to moderate asthma, once daily inhaled administration of AZD7594, a novel non-steroidal selective GR modulator demonstrates improved lung function as measured by FEV 1 and PEF, a reduction of airway inflammation as evidenced by a reduction in F E NO and a positive impact on symptoms and asthma control. AZD7594 was well tolerated with an adverse effect profile similar to placebo. This study supports that a once daily inhaled non-steroidal SGRM is effective and well tolerated and may provide an alternative to ICS for patients in the future. Further clinical work is required to fully characterize the clinical profile and compare to currently available ICS. 
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